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Polarization Mode Dispersion Compensation at 10 
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Abstract — Polarization mode dispersion (PMD), especially in 
"old" fibers, is considered harmful for installation and upgrading 
of trunk lines. An optical PMD equalizer should have several or 
many differential group delay (DGD) sections with polarization 
transformers in between which can endlessly transform any input 
polarization into a principal state of the following DGD section. 
The sections must practically have fixed DGD's unless there is 
only one section. The small-signal baseband transfer function for 
PMD, higher order PMD, and the necessary number of sections 
as well as their control by the output signals of an electrical filter 
bank in the receiver are also discussed in this context. Several 
PMD equalizers have been realized and successfully tested in 
transmission systems with bit rates of 10, 20, and 40 Gb/s. The 
systems operated stably with well-opened eye diagrams for DGD's 
ranging between 0 and 1.7 bit durations. Best performance is 
obtained from a distributed PMD equalizer with one piece of 
polarization-maintaining fiber twisted by 64 stepper motors. The 
principle can also be realized in LiNbOj. 

Index Terms — Compensation, equalizers, optical fiber com- 
munication, optical polarization mode dispersion, polarization, 
polarization mode dispersion. 

I. Introduction 

POLARIZATION mode dispersion (PMD) [\] relates to the 
random anisotropy of long lengths of single-mode fiber, 
caused by noncircular cores and transversal stress due to bend- 
ing and cabling. There exist principal states -of -polarization 
(PSP's) which have the maximum possible group delay differ- 
ence or differential group delay (DGD). If a PSP is excited 
at the fiber input impulses will propagate undistorted, and 
the signal will stay completely polarized because the output 
polarization remains constant to first order as a function 
of optical frequency. If the signal polarization is a mixture 
between the PSP*s impulse broadening occurs in the time 
domain, and the signal becomes depolarized in the frequency 
domain. 

After fiber attenuation and chromatic dispersion, polariza- 
tion mode dispersion is the next obstacle in the development of 
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high-capacity, long-haul optical communication systems [ 
PMD is intricate to tackle because it may vary as a Hindi 
of time or fiber temperature. In the optical domain, prevk 
work to compensate PMD has focused on selecting a P 
of the transmission line by input polarization control [3] 
implementing a compensator consisting of a small number 
DGD sections, separated by polarization transformers [4]-[ 
In the former case the control speed is limited by the prof 
gation delay and complicated by the required back channel, 
the latter case which this paper is about speed and inserti 
loss of polarization transformers, and possibly a variation 
a DGD section are key issues. In the electrical part of 
optical receiver, PMD can be equalized by transversal filters 
quantized feedback [71. Since the phoiocurrent is proporticr 
to the squared field vector magnitude not all PMD distortio 
can be undone electronically, and we concentrate therefore i 
the optical solutions. 

We explain the optica! and electrical requirements for ; 
automatic PMD compensation system (Section n), prcsc 
various optical equalizers (Section ni), describe transm:;si = 
experiments with automatic PMD compensation (Section fv 
and finally compare the relative merits of the different cor 
ponents and systems (Section V). 

II. Design Considerations for 
a PMD Compensation Systcm 

A. Structure and Function of an Optical Equalizer 

In order to be able to compensate PMD a suitable equa 
izer structure must be found. In this subsection, we wi 
derive" the necessary properties of polarization transforms 
and differential group delay sections. Transmission span an 
equalizer arc assumed to consist of lossless optical retarder: 
and isotropic propagation delays arc neglected. The retarder 
can be described by unitary 2x2 Jones matrices or by reduce 
Mueller matrices in which the first row and column has bee 
eliminated, i.e., orthogonal 3x3 matrices. The latier roiaiio 
matrices turn input normalized Stokes vectors [S t Sj 
on the PoincarC sphere surface into output normalized Stoke 
vectors. 

The most general retarder is an endless elliptical retarde 
(ITR). It is described by (1) and (2) shown at the bottom u 
the next page -in Jones and Mueller formulation, respectively 
Relative strengths of 0°, 45° and circular birefringence an 
given by \\ t V>. and V 3 , respectively. "These as well as ih* 
retardation ? = -oo._ . :>c can vary endlessly. HM (Jones o 
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normalized Stokes vector) is one of the eigenmodes, the faster 
one for positive tp. Its polarization ellipse is characterized 
by azimuth angle i> and clHpticity angle c. Angles 2-0 = 
->d...oc and 2e = -7r/2...7r/2 are spherical coordinates 
on the Poincare sphere and allow for endless variations of 
the eigenmodes. Linear birefringence (core elliptieity, bending, 
transverse sircss) and fiber twist (optical activity) may coexist 
and may vary along a.singlemode fiber. A fiber should or even 
must therefore be represented by an ER at a given optical 
frequency. 

Both Jones and Mueller matrices of optical components can 
be multiplied in reversed order of light propagation to describe 
their concatenation. This means expressions (3Hl 1) are valid 
for Jones matrices (I) and for (reduced) Mueller matrices (2). 
We use the nomenclature 

(endless) phase shifter (2t? = 0, 2e - 0): 

PS('^ = -OC...OG), 

(finite) mode converter (20 = tt/2, 2e = 0): 

MC(<p = 0...tt) : 
(endless) Soleil-Babinet compensator (2e = 0): 

SBC(tp = 0...tt,2l? = -CO...OC), 
(endless) Soleil-Babinet analogon (20 = ?r/2): 

SBA(v? = 0...7r J 2^ = -oc...oc); _ (3) 

to define some special cases of an ER. We call the last 
example a Soleil-Babinet analogon because it is related to the 
familiar Soleil-Babinet compensator, a rotatable wavcplate of 
adjustable retardation, by cyclical shins of rows and columns 
of the reduced Mueller matrix. A rotating SBC (20 = Qt) 
converts circular input polarization partly or fully into its 
orthogonal including a frequency shift by H. A "rotating" SB A 
(2e = Hi) does the same thing to an x-polarizcd input signal. 
An SB A can endlessly transform x polarization at its input 
into any output polarization or vice versa. An SBA can be 
replaced by a phase shifter, a mode converter, and another 
phase shifter of opposite retardation 

SBA(v>.2£) = PS(25.)MC(^)PS(-2e). (4)- 

An ER is equivalent of a sequence of a quartcrwavc plate, 
a halfwavc plate,. and another. quartcrwave plate,-each ofthem- 
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Fig. 1. Transmission span (TS) with elliptical retarders (ER) and DGD 
sections. Suitable equalizer (EQ) with Soleil-Babinet analogons (SBA; see 
text) and DGD sections, each of which may be accompanied by arbitrary 
differential phase shifts. 

endlessly rotatable [8]. We have verified that aa.ER.may also 
be realized by an endlessly rotatable halfwave plate and an 
SBC. Alternatively, an ER can be replaced by a phase shifter, 
a mode converter, and another phase shifter [9]. In a lengthy 
proof we have found that the mode converter needs only a 
finite retardation in the range 0.. .?r. This means the ER can 
also be substituted by an SBA, preceded or followed by one 
PS: 

ER=PS(^3)MC(^ 2 )PS(^) 
= PS(v?a + ^i)SBA(^ 2! -*>i) 

= SBA(v?2,^3)PS(^i + '^3)- * (5) 

Comparison of the last two. expressions shows thafa phase- 
shifter may be "pushed" from left to right through a SBA if 
the SBA orientation angle is increased by the transferred phase 
shift. At an angular optical frequency u we represent a fiber 
section having a differential group delay r by a phase shifter 
PS(u>r). Its eigenmodes and principal states-of-poiarization 
(PS?) coincide. The whole transmission span TS may consist 
of an infinite sequence of alternating ER's and DGD sections. 
In practice, we limit ourselves to N DGD sections and N + 1 
ER's which are passed by the light signal in ascending order 
of index i (Fig. I) 



TS = fl (ER.PS^rO) ER 0 
i 

= (SBA(^ 2i , v ?3i)PS(^ li + ^i-hcjTi)) ER 0 . (6) 



ER 



= fcos V5/2 + jl\ sin tp/2 j(V z + jl^) sin .^/ 2 
[ j(V 2 - jV :i ) sin +>/2 cos ip/2 - j V\ sin ^/2 



-EM"— 



or 



.ER = 



(if + i:/ + v 3 J = i) 



(i) 



V, W(i _ cos <p) -f V :i sin y> 
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The product symbols with a stop index I thai is lower than 
the start index A r have to be written from left to right in 
descending order of index i. Adjacent phase shifts or shifters 
may be interchanged. All frequency-independent phase shifts 
in the second expression can therefore be transferred to the 
right through preceding SBA % s according to (5) 



TS 



;;)^ER 0 . (7) 



The PMD equalizer has to mirror- the PMD profile of the 
transmission span. In a particular implementation EQ' it may 
consist of the same sequence of SBA's and DGD sections as 
the TS f but with reversed order. The signs of SBA and PS 
retardations are inverted which can also be accomplished by 
orthogonal orientations. 

EQ' = H (pSC-c^) 

The phase delay -u Ti of a DGD section may be of the 
order of many, many 2tt. Ii is therefore practically impos- 
sible to avoid frequency-independent, possibly endless offset 
retardations v».w = -oc.. .00 in each DGD section. However, 
these can be taken care of by moving them through subsequent 
SBA's, i.e., to the left, according to (5). In this generalized im- . 
plcmentation with additional degrees of freedom the equalizer 
(EQ) .is described by 



(8) 



EQ 



= f[ ^PS(- W r, 



+ V-ti) 



,)). 



(9) 

As desired, the concatenation of TS and EQ (or EQ') results 
in a frequency-independent ER that does not exhibit any PMD 



(10) 



EQ • TS = PS \J2 + *u + WiOjERo = ER " 



Although suggested by (9), the polarization transformers in 
the EQ need not necessarily be SB.Vs. We may substitute 
v-u - + v'U and consider PS(*4) to be pari of a DGD 
section PS(-ur i+ tf u ) while PS(^) belongs to the preceding 
polarization transformer. The Ah polarization transformer, now 
described by 

+ J2 + f\k + Vu : + tp-sk) J .(ii) 

*=>+ 1 / 




*•<£.*" 



M**^ j!* 0 P rofi ' e ° f transmission (solid) and perfect equalizer 

(dashed, dotted) in the three-dimensional normalized Stokes space. 

is an ER (5) if its three variables, one for the PS and two for 
the SBA, are independent. However, to minimize efforts the 
designer should let ^ depend on the two SBA parameters at 
will, thereby retaining only two independent variables. Such 
a polarization transformer may be easier to realize than a true : 
SBA, as will be seen in. Section m. Like the SBA it has 
the property of being able to endlessly transform any input 
polarization into a PSP of the following DGD section It is 
indeed a PSP we need to consider here, not just an eigenmode. '■ 
To see this we place another retarder and its inverse between 
PSte"J and PSC-wr; + c^,.). One of them is considered to- 
belong to PS(-wri + y^,) where it transforms PSP's (but 
modifies EM's in a different way), while the other is part of- 
the polarization transformer. 

PMD may be illustrated graphically as^memioned in [10], • 
[1 1]. The PMD profile of concatenated rctarders is a sequence 
of input-referred PMD vectors f^. 



(12) 

Matrix R <t is a 3 x 3 matrix (2) representing the concate- 
nated reiarders preceding the retarder wiih PMD vector f2,. f>,- 
is ihe normalized Stokes vector of a PSP, multiplied by half the 
DGD. In the transmission span of Fig. I., ft,- = [10 0Ftv/2 
and the direction change between PMD vectors o ( ancJ n i+ J is 
mediated by the rotation matrix ER; (2). The sum is the PMD 
vector il tutaI . It can be shown that fi^ represents PSP's and 
DGD T lut .,, of the concatenation by its direction and twice its 
length, respectively, thereby justifying the use of PMD vectors 
Fig. 2 shows the PMD profile of the concatenation of TS and 
a perfect EQ fulfilling (10). All PMD vectors arc cancelled 
by opposed adjacent ones because PMD is compensated noi 
just to 1st order (which merely requires (he vector sum and 
thereby r to , at to vanish) hut completely (assuming all existing 
frequency dependence has been covered by vectors Q,). As 
exemplified by ihe doited arrows, an excess of total DGD 
of the EQ over ,hat of ihe TS is not of concern ir some 
adjacent compensator sections arc made lo cancel each other. 
Less perfect PMD vecior cancelling normally indicates a PMD 
penalty. Provided the signal happens 10 coincide wiih a PSP 
it may be transmitted without distortion if merely first-order 
PMD persists afier the HQ. 
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Fig. 3. (i) Variable DGD section equalizer has speed problem (b) Trans- 



An important practical question is whether a PMD com- 
pensator should have -fixed or variable DGD sections and 
there is a straight answer to it. It may be calculated that 
fixed differentia! group delays can cause detrimental side 
maxima of compensator performance. An immediate argument 
in favor of a variable DGD compensator is therefore that side 
maxima vanish. This is useful and important for one-section 
equalizers which, however, leave second- and higher order 
PMD uncompensated. 

The situation turns out to be different for equalizers with 
more than one section: What happens if the DGD of the first 
section (denominated as -n. v in Fig. 2) of a two- or even 
muk.scct.on HQ with variable DGD*s has to slide from 0 to 
" r PS , c«T laUer Va ' ue corres P° n ^ to roughly 10000 periods 
oi a 1550 nm lightwave. The DGD increase corresponds to a 
lengthening of this vector by a screw motion with a pitch 
of one lightwave period of DGD change per turn If the 
subsequent DGD vectors (denominated as -n iV _. _n, > 
..are connected to it by fixed joints r> SBA's with frozen 
parameters) the PMD profile win change shape during each 
screw turn, which is highly detrimental [Fig. 3(a)]. If ^Joints 

: K f ~ f °y-- lypc -<= SBA - S - With " v **We orientations) the 
PMD profile may stay the same because all subsequent DCD 
■ vectors may revolve inplacc 10000 times like axes connected- 
by rotary joints. If the first section is followed by a ball- 

M^Z, J 01 " 1 (= ER ' Wilh ,hreC ^Srecs-of-freedom) only " 
this latter has- to turn 10000 times. Tne issue can also be 
understood from (12) where ft,- depends on R Ki . Now, if we 
consider that each of the 10000 turns of the joint(s) (SBA's 
or ER) may need between 10 and 100 optimization steps it- 
becomes clear that Variable" DGD sections arc unpractical due 
to the huge required number ofSBA (or ER) adjustment steps, 
except for the last section which has no subscqucnt'sBA For 
.comparison, consider two fixed- 26 ps DGD sections in the 
compensator. Changing the SB A (or ER) in between these two 
' ya rc,arU; ".'on of just r will flip the DGD profile open like 
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Fig. 4. Small-signal transfer model of a PMD medium. 

a pocketknife from 0 ps to a total DGD of 52 ps [Fig 3(b)] 
and this is about 10000 times faster than the previous case 

But could a fixed DGD equalizer follow if a TS chose to 
vary us PMD profile by lengthening a DGD vector" Here 
we explain why substanual DGD vector length changes are 
unlikely to happen: Consider a TS with two fixed 26 ps 
DGD sections. As already explained, a DGD change of S2 
ps requires just a retardation change of tt for the SBA (or FR> 
in between them [F lg . 3(b)] . In comrast a ^ ' ' 

grow* (PMD vector lengthening) requires a much higher 
retardation change of 10.000-2* and therefore occurs with a 
negligibly small probability [Fig. 3(c)]. 

As a consequence, an equalizer with fixed DGD sections 
,sa natural PMD compensator for a fiber transmission span 
whereas more than one variable DGD section of an equalizer 
can practically riot be used as such. Nevertheless, a single- 

orde^PMr?^ 1 " 6 eq " aHZer iS ablC 10 com f* nsat e Hrst- 

B. Small-Signal Baseband Transfer Function 

Clearly, the impact of PMDcaused by transmission span "or 
equalizer can easily be calculated numerically. Eye closure is 
a usual result of this treatment. We believe it is instructive to 
derive an analytical small-signal model of a system under the 
influence of PMD. 

Tn Fig. 4, a simple optical transmission system with a 
. transmitter., a PMD medium, and a receiver is shown The 
optical power is sinusoidally modulated around its mean value 
with a small modulation depth. |a| < i. A t the receiver output 
the modulation signal appears with changed amplitude and a 
phase shift. This can be expressed by a complex baseband 
transfer tunction H^). Suitably normalized, the simple result 

" ' (13) 
is obtained, where u is the modulation frequency o/ 0 the 

•.optical, carrier, frequency,. e u , me -Jones' vector br the- in- 
put polarization, and J the Jones matrix of the medium 
t.onsider- a medium which exhibits, only first-order PMD 

. e.g.. a single section of DGD r preceded and followed by 
arbitrary frequency-independent polarization transformers In 
this simple case we can express //(-.) as 

H(u) » cos(wr/2) +in^5 ifl sin-(wr/2) ' (14) s 

where f>„ = f>/|fl| = 2 fi/r is the normalized Stokes vector 
of the fast PSP [see (12)]. If we set the input polarization 
(normalized Stokes vector S,„) to be equal to bnc of the 
i .M s the resulting transfer function is H(lj) = c-i^l- which 

nwocrl. 10 bC lhc DGD " This mcans Ulc ori Sinal derivation 
1] oj PSP s and DGD could be replaced by the small-signal 
transfer tunction approach. PMD vector f> can be derived from 
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Fig. 5. Geometrical interpretation of second-order PMD effect. 



the elements of the Jones matrix J as 
ft = ReC7(u 2 ur-uIi 2 )) 

M 2 



• _ [ rxi u 2 1 

L-«2 «;r 



with 



+ l«2r = i 



(15) 



where the dot denotes a differentiation with respect to the 
optica] carrier frequency v 0 . Equation (14) also confirms that 
the 10 10 10 sequences disappear if the input polarization is 
in between the two PSP*s (r£5 in = 0} ) and the DGD 
approaches one bit duration. Of course, we can approximate 
H\u) ^ l+ju>n T S in for \urr/2\ < 1. 

Next consider two DGD sections (indexes 1, 2), preceded, 
separated, and followed by polarization transformers. In terms 
of Stokes vectors the resulting baseband transfer function is 

H{w) - cos{ut 1 /2)cos{ut 2 /2) 

+ j(s'm(^T l /2)cos(u>T 2 /2)f>l n 

+ sin(wr 2 /2) cos(u;^2)ft£jS in . (16) 

Equation (14) is an approximation of (16) if we use ft total 
calculated according to (12). Assume now the input polariza- 
tion is a PSP, S in = ±n n .t«t»i. In this case the magnitude of 
H{u>) is maximized and may be approximated by 

l^)lm«* l-{ur\fi x x H 2 |) 2 . (17) 

The squared magnitude depends on the outer product be- 
tween the PMD vectors of the two DGD sections, i.e., the area 
defined by their PMD profile, see Fig. 5. Note that vectors ft 2 
and n iota i gyrate about ft x if we tune the optical frequency. 

This model can only be useful if its parameters can be fitted 
to approximate any given PMD device, and this is possible. 
The PMD vectors can be found from the results of a few ' 
optoetectrical measurements. The gradient of a quantity in 
the normalized Stokes space can be obtained from at least 
four measurements with different input stalcs-of-polarization 
that inscribe a body of nonzero volume inside the Poincarc" 
sphere. Four rather than three measurements are necessary 
because the isotropic group delay of the fiber must also 
be determined. Particularly well suited configurations arc a 
regular tetrahedron or a regular hexahedron. The latter simply 
means that horizontal/vertical (measurements N^), ±45° 
linear (A/^*), and right/left circular polarizations (A/^* 5 ) 
have to be applied sequentially. The gradient of quantity M 
is then 



gradA-/ = X>§^£*< 



A/< +) - A/? 



as, 



(18) 



with Si being normalized unit Stokes vectors. Measurat 
vectors 

u = grad ^ = ft lolal = Hi + Q, 
8' Jm(H) 



£. OUJqOuJ 

1 M 0 2 lm{H) - 
u, = - - grad * J =n t xv 
4 du^duj 



(1 



are thus defined. Vector u is obtained as the gradient of tl 
negative group delay from electrical network analysis applii 
in Fig. 4. Vectors v and w need additional diffcrcntiaiionswi 
respect to the optical frequency u; 0 which requires mcasun 
ment at three different optical frequencies. The correctness < 
the expressions on the right side can be verified by insenin 
three ER*s separated by two DGD sections into (13). The PM 
vectors are found as 



*i x v- 



:(u X v) 



ft 2 - u- £l x . 



While the first expression for fl x is simpler the. second 
may provide a better immunity against measurement errors. ! W 
polarimetcr at the fiber output is not, but tunable optical sourcP 
polarization transformer, and electrical network analyzer c 
impulse response measurement are needed. Any PMD rncdiur™ 
can be characterized by (20), or to first order by it alorn^ 
Similar relations are expected to exist for approximation c.C 
PMD media by more than two DGD sections. 

Compare this to a definition of higher order PMD by^* 
Taylor series expansion- of the PMD vector after [12] 



lst - 2mJ third order 



(21 



The first term ft is just our u. Two components of ft art 
proportional to v. Applied to the two-section model Fig. i 
these define the speed at and the direction in which ftfou* 
■gyrates about ftj. if we tune the optical frequency u 0 . For : 
one- or two-section model the component of ft in direciioi 
. of ft may be assumed to be related to the DGD in a simila: 
ratio as the chromatic dispersion is related to the total grouf 
delay (-5 ns/m) of a fiber. This means it is negligibly smal 
compared to the two other components of ft. The radiu; 
|H 2 x Hil/jQil of the gyration js obtained from a componeni 
of ft_which is ^perpendicular to Q L but lies in the plane definee 
by ft x and ft 2 .. This radius cannot be obtained from the 
second-order PMD vector ft. 

While definition (21) is perfectly legal it has a weak point: 
Assume a link in which only first and (nonzero) second-order 
PMD defined by (21) arc present. For high frequency offsets 
(J the length of the PMD vector, and hence the first-order 
DGD at frequency lj 0 -t-w, become infinity. This is not easily 
understandable because first-order DGD is believed to have a 
Maxwell distribution with similar or equal expectation value 
for all frequencies. This argument also applies for >third- 
order PMD. 
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In this respecL the model of two DGD sections is advanta- 
geous. It neglects the component of .Q in direction of f> that is 
small in <2 section models but gives the gyration radius, and a 
total DGD which does not approach infinity for large u\ The 
transmission span will most likely behave like concatenated 
fixed DGD sections according to the probabilistic arguments 
at the end of Section II-A. It is therefore more important to 
take care of this gyration by a two-section equalizer than to' 
try to compensate even for that component of tl which has 
the direction of ft. 

As another example the transfer function of three DGD 
sections is given, in (22) at the bottom of the page.* ... 

C Number and Size of Differential Croup Delay Sections 

The simplest PMD equalizer is just a polarization trans- 
former (SBA) placed at the transmitter side which adjusts the 
input polarization to be a PSP of the transmission span [3]. If 
the transmission span exhibits purely first-order PMD there is 
no residual penalty. 

However, there is a correlation between first- and second- 
order PMD [defined by (21)] [13]. As an example the TS is 
assumed to consist of two sections with a DGD of T/v/5 
each, where T is the bit duration. The SBA in between them 
has a retardation of tt/2, which is the statistical expectation 
" value. The combined first-order DGD is T, a typical value 
for 10 Gb/s transmission over old fibers (100 ps). A I-section 
equalizer with DGD T removes first-order PMD. Equation 
(22) has been plotted for this case in Fig. 6. The different 
curves depend on the relation between the input polarization 
and the DGD sections. A typical (optical) eye opening penalty 
101og|i/(7r/r>| estimated from (16) at the Nyquist frequency 
is 2.5 dB. For comparison accurate eye simulations were also 
performed (insets), and the corresponding penalty was 2.2 
dB for two out of three input polarizations, with marginal 
differences possible depending on chosen filtering. Apparently 
the small-signal transfer function is a good approximation of 
a complete numerical simulation. If the DGD's are divided 
by n/2 the penalty drops to 0.7 dB, but the eye 'is completely 
.closed if Lhe DGD's arc multiplied by v/2. 

A penalty of 2.2 dB may seem tolerable in some cases but it 
should be considered that PMD is riot the only source of signal 
degradation. In WDM systems some residual uncompensated 
chromatic dispersion is normally present at least on the outer 
channels. Self- and cross-phase modulation, and crosstalk due 
to four-wave mixing or simply an imperfect WDM DEMUX 
circuit can also diminish [he available eye opening. Finally the 
bandwidth limitation of transmitter and receiver also causes a 
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Fig. 6. Small-signal baseband transfer functions and eye diagrams for typical 
cases in which first-order PMD is compensated. 

small eye closure. With all these effects considered additional 
penalties due to imperfect PMD compensation should be kept 
at a minimum. We conclude that PMD should preferably 
be compensated also to higher order. Another reason to use 
multisection compensators^ is that the acceptance of PMD 
equalization at the transmitter side by input polarization con- 
trol backchannel, large propagation delay) or of a 1 -section 
equalizer at the receiver (— variable DGD section needed) 
suffers also from a slow response for the reasons given in 
parentheses. 

Since we have argued that variable DGD sections cannot 
be tolerated in multisection PMD equalizers we need to assess 
penalties caused by constant DGD's. A practical EQ with fixed 
DGD sections built according to the guidelines of Section II- 
A is not perfect in general, as may be seen from the example 
illustrated in Fig. 7. The DGD profiles of transmission span 
and equalizer were chosen identical." Two adjacent DGD 
sections of the TS initially compensate each other, just like 
two other DGD sections of the EQ. If these two TS DGD 
sections "unfold," i.e., if the SBA in between them changes 
its retardation from (to a lower value or zero, the differently 
located idle two EQ DGD sections must do the same thing until 
a new equilibrium of perfect PMD compensation is reached. 
*This process was simulated, arid the intermediate eye opening 
penalty was calculated (Fig. 8). The DGD of each of ;V ^ 4* 
8, 16, 32 sections was chosen as r == 0.4, 0.23, 0.2, 0.14 
•7\ respectively. Fortunately the penalties are not large. For 
example, 32 DGD sections with 0.14 T each (4.5 T in total) 
have so far yielded <0.05 dB penalty. The penalty corresponds 
toa barrier between a side maximum and a main maximum 
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Fig. 7. fa) and (c) Transition between two perfect PMD compensation 
scenarios causes (b) imperfect PMD compensation. 



during the control process. If the barrier is low enough it 
may be surmounted by noise ("annealing"). In this numerical 
example it is sufficiently low, and it becomes clear that fixed 
DGD sections need not be inferior in this respect to variable 
.DGD sections. 

Another issue is how well natural PMD can be compensated. 
- In this context we can argue that full SBA's (retardation 
0 < v < tt) are not strictly needed: The SB A retardation 
needs to be near ( only if the PMD vectors of two DGD 
sections of the TS join under this angle. However, if they do 
the enclosed area is small and not much performance will be 
lost if the PMD equalizer neglects to follow these two vectors 
forth and back and rather takes a shortcut in the PMD profile 
from the beginning of the first to the end of die second. A 
^reasonable SB A retardation range may be 0 < xp <■ k/2 
(half mode conversion, "half SB A"), and this range is met 
or exceeded by the units of the distributed fiber-based PMD 
equalizer which is discussed later. In the following simulation 
the EQ therefore had 2;V DGD sections of DGD r/2 each, 
separated by half SBA's (while /V sections of DGD r and 
full SBA's served as a performance reference). In each case 
the transmission span had 4N sections with DGD r/>/§, and 
some correlation between the PSPs of neighboring sections 
was assumed. Although wc think the data base is not yet 
satisfactory' wc give some preliminary results in Fig. 9. Since 
the (approximately) expected Maxwell distribution has a long 
tail not the maximum penalty but the average of the top 25% 
observed penalties is given at the right side, whereas the left 
side gives the average penalty. As an example, an equalizer 
with 2:V = G4 sections with DGD r = 0.07T (4.57" in total) 
has so far yielded <0.4 dB penalty. 
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It is also interesting to know whether the reference con- 
figuration (A-,r, full SBA's) performs better or, as expected, 
worse. In our simulations there is a trend in favor of the more 
distributed equalizer (2A r ,r/2 ; half SBA's). 

Note that in Figs. 8 and 9 the contour lines of constant 
penalty_are approximately parallel to the straight lines defined 
by vNt. 



D. Penally Signals 

The ultimate goal of a PMD equalizer is to minimize 
the bit error ratio (BER). This quantity is neither available, 
nor can it be measured with high accuracy in a very short 
time. Also, the vectors u.v,™ of Section TI-B cannot be 
measured during normal operation. A useful means to detect 
PMD-induced penalties is spectral filtering in the electrical 
part of the receiver [4], [6], [14] because PMD affects the 
high-frequency parts of the signal spectrum first. If both 
PSP's of a medium with first-order DGD r are equally 
excited a narrowband filter with center frequency f c willi^ 
yield a normalized output power cos 2 (tt/ c t). This functioned* 
is ambiguous if r can exceed l/(2/ c ).: A system based on "3 
such a filter may lock into "a false maximum which is purely J# 
generated by suboptimum signal analysis. However, PMD':*W 
penally detection can always be made unambiguous with 1 
moderate electronic effort. One possibility is to use several 
bandpass filters with center frequencies ;equal to I, 1/2, 1/4, % 
... times the clock frequency 1/T. ] ' .."^ 

In a small spectral region the data signal spectrum can be 'J# 
understood to be white. A narrowband approximation ailc -s'JI 
its representation by Gaussian in-phasc and quadrature com- 
poncnts. The power at the filter output has a ^-distribution : 
with two degrccs-of-freedom. The quotient of squared mean to ' 
variance, i.e., the SNR, assumes the value to be one. Consider 
the impulse response of the narrowband filter to have the 
length Ti. We integrate the filter output (in theory: sum up 
the samples arriving every T x ) over a given measurement lime 
T>. The low-pass filtered signal then has a SNR = T 2 /T x and 
is a ^-distribution with 2T- 2 /T L degrces-of- freedom. Thermal 
noise plays a subordinate role in this context because it is 
a small constant fraction of the data signal. From the SNR 
viewpoint we see it is desirable to have "as high as possible a 
filler bandwidth. On the other hand a high filter bandwidth fills 
the nulls of the cos 2 (-/» function, and a compromise has to 
be adopted therefore. At 10 Gb/s a practical SNR minimum 
of 40 dB may be obtained for T : = 1 ns, 7% = 10 //s. The 
expected normalized output powers as a function of applied 
first-order DGD, normalized with respect to bit duration T,\ 
arc plotted tor several filters in Fig. 10. For small r a wide 
highpass filter with a passband from 0.4/T to l/T gives 
essentially the same response as a bandpass filler centered 
at 0.5/r. 

For simplicity ignore the highpass filter in the following 
discussion. While the lowest- frequency filter is in principle 
sufficient for PMD penalty measurement the highest fre- 
quency filter (0.5/7* or highpass filter) is definitely needed 
because it yields the sharpest response for small DGD's. In 
the experiments (Section IV) wc have therefore adopted the 
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Fig. 8. (a) Average and (b) maximum of maximum penalties observed during DGD secuon unfolding (Fig. 7). TS and EQ both have .V sections of DGD r each. 
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Fig. 9. (a) Average and (b) maximum of top 25% penalties calculated for multisection PMD compensator. See text. 
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following strategy: if the lowest-frequency filter output signal 
(0.125/T GHz) is below a threshold (e.g.. 70%) it is used 
alone as a quality criterion to be maximized. Once it passes 
the threshold the next higher filter output signal (0.25/7) 
could be used in principle, and so on. Experimentally it turned 
out that maximization of the highest-frequency filter output 
signal alone (0.5/T GHz) did not correspond to best BER, 
maybe due to nonlinear behavior of some system components 
Therefore filter output signals (0.5/T or 0.25/T) were linearly 
; combined with small portions of those of the lower-frequency 
filters (0/25/T and 0.125/T, or 0.125/T) to a quality criterion 
if the latter signals all passed a threshold. Compared to the 
strategy with a fixed linear "combination [6] our algorithm 
gives superior detection sensitivity for low_ DGD's while 
maintaining monotonicity for high DGD's, and allows to adjust 
for optimum BER performance. - 

We have verified that PMD equalization of RZ signals is 
also possible with the same strategy. Particularly good com- 
pensation can be obuined if the highest frequency bandpass 
filter selects the strong clock frequency .line.. 

TIT. Implementation of Optical Equ alizers 
Three optical equalizers will be presented which we have, 
realized or considered. While this collection is by no means 
complete alternative implementations will also be discussed ai 
the appropriate places. 



A. Endlessly Rotatable Wctveplates 

Substantial work has been performed on optically broadband 
endless polarization control systems [151, [16], [8], and all 
these L could be used in PMD compensators. Some of them 
apply occasional resets which does not preclude application 
in an equalizer because the above -derived requirement on po- 
larization transformers is quite general. However, resets slow 
down operation, and we prefer to avoid resets by concentrating 
on polarization transformers with endlessly variable eigen- 
rnodes: Endless Soleil-Babinet compensators in LiNb0 3 have 
been operated successfully [\5} : [161 and a. quarter-,- half-, 
quarterwave plate configuration' in LiNb0 3 was operated as 
an endless elliptical retarder at very high speed [8] and in a 
PMD. compensator with a mechanical delay line [6]. 

Concerning nomenclature, note that we used to understand 
a "reset" to be any abrupt change of control parameters 
necessary to respond uran infinitesimal polarization change 
[15] while other authors seem to have redefined the word less 
conservatively. Consider the following example labeled reset- 
free: The polarization fed into a quarter-, half-, quarterwave 
plate arrangement is first elliptical with -azimuth angle rt t then 
becomes circular, then elliptical with azimuth angle a + 45°, 
while the desired output polarization is always circular. Just 
when passing circular input polarization the first quarterwave 
plate has to flip by 45°, and at least one of the other plates 
must also turn. This is a reset in the conservative sense. 
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(symbols; see Section TV- A). mciMirement 



We now recall that the principal states of a polarization- 
maimaining fiber (PMF) are linear. In a PMD equalizer with 
DGD sections made of PMF the polarization transformers 
could, e.g., each consist of a quarter- and a halfwave plate 
because this configuration is able to endlessly transform any 
polarization into linear. In our present experiments we had no 
I-iNbOj waveplates available. Fiberoptic wavcplatcs, endlessly 
rctatable by stepper motors fl 7], were therefore realized Since 
Hie standard fiber between the last waveplate and the splice to 
the next PMF may cause its PSP to appear elliptical we chose 
T TcV eT ~' halK 3 uar,erwavc P'ate arrangement. As long as 
the PSP does not appear circular this application is reset-free 
even in the conservative sense because it has one more than 
the necessary number of degrees-of-frecdom. 

B. Ferroelectric Liquid Crystals 

Liquid crystals are a class of nonmcchanical polarization 
transformers. Ncmatic liquid crystals behave like wavcplatcs 
• of fixed orientations but variable retardations [18]. However 
• their speed is. insufficient to follow manual fiber shaking In 
contrast, ferroelectric liquid crystals (FLCs) work as wave- 
plates ol fairly constant retardations but can be rotated quite 
last within limits [191. A practical obstacle could be the 
relatively tight device tolerances needed to implement a reset 
algorithm like the one described in [14). Here, we show that 
rescis arc not necessary. 

Mode coupling adjustable in both quadratures [20] allows 
endless polarization control as long as the number of coupling 
sccuons is very i :irS c. However, individual driving a || ows Co 
- reduce the number of sections to just a few. A stack of FI C s 
with ai.gned axes can be considered to he a birefrinccnt wavc- 
gmde with mode coupling sections. The required minimum is 
three cells with retardations 1.895, 1.943, and 1.895 rad The 
more cells thcrc ^ , hc , owcr m d . |( • 

•abr.cat.on accuracy. If available tilt angles arc very small cell 
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retardations of 2n/3 maximize the mode conversion that i 
available for the least favorably chosen coupling phase 

, J? 3 realiStiC exam P |e - six PLC's with retardation: 
1.82, 2.57, 1.82, -1.82, -2.57, and -1.82 rad need til'.' 
angles of ±20°, are controlled by just three different 
voltages (see Fig. 11), and tolerate retardation variations oAt 
Jo /o... 4-1 2%. The negative retardauons can be repl.cec^ 
by positive ones if the respective cells are turned by 90° Thi< 
arrangement can convert x- into y-polarization by any set 
of tilt (= azimuth) angles 0, ...4 6 given in Fig. 1 1 (which 
funcuons are, by the way, not the only possible solution) The"* 
overall retardation is * in this case. Jones and normalized 
Stokes eigenvectors are [expf^) expf-^)]^/^ ar.J^ 
[0 cos2 7 sm2 7 J T . respectively. The; eigenvector locus is ri 
: the S 2 - S :i great circle of the Poincarc sphere and contains, 
the sketched polarization ellipses. Arbitrary output polarization 
can be generated if all i),...,^ corresponding to a certain 
value 0 < 2 7 <360° are multiplied by a common factor 
between "0" and "1." In those cases the cigenmode locus 
is in general not the 5 2 - S :i great circle. The complete 
polarization transformor can be described as an SBA p'us a 
fl 5 *' 1 ,? 3 rctardaUon depending on the SBA parameters, see 
(II). Since only two degrees-of-frecdom are needed the six 
lilt angles provide substantial redundancy. 

Eigenmodcs (indexes ±) and retardation of a cell were 
determined as a function of applied voltaec (Fig 12) Physical 
azimuth angles 0 ± changed by 3.5°, and left- to rieht-elliptical 
behavior was observed with a 35* change of the ellipticity 
angles s± = ± an.Un(«/i) where n and b are the minor and 
major ellipse axes, respectively. Angles 20, 2e characterize 
-the rotation axis position in polar, coordinates on the PoincanS. 
sphere. Measured elliptical birefringence is believed to be 
due to ch.ral molecule and helical supcrmolecular structure. 
While ±17.5° azimuth angle change alone is not sufficient 
to implement the discussed polarization transformer wiih six 
FLC s. the simultaneous ellipticity chanec makes the ciccn- 
modes sufficiently variable in total. The retardation was -2.8 

^•vvf 0 ^' DHF rcs P° nsc ,im e constant was determined 
as .00 y/s. Recovery from saturation after application of too 
h.gh voltages may need several ms but is not of imponancc 
m a well-designed system. 
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Fig. 12. Eigenmodes (azimuth angles cllipticity angles £ pm ) and retar- 
dation of deformed-helix ferroelectric liquid crystal cell. 
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64 motors = 16 endless polarization transformers 
Fig. 13. Distributed PMD equalizer with PMF twisters. 

C. Distributed Equalizer 

The issue of cascading a large number of DGD sections in 
an equalizer seems to have been neglected in the published 
literature, probably due to the coupling losses between DGD 
sections and polarization transformers. We have therefore 
implemented DGD sections and polarization transformers in 
a single polarization-maintaining fiber (PMF). 

The required endless transformations of any, polarization 
into linear can be implemented' by a finite number of PMF 
twist sections [21] for mode coupling. We describe one out of 
many possible implementations: Two variable twisting-points, 
suitably placed between two* fixed twisting points (Fig. 13, 
inset) arc sufficient to transform x-polarization (S x = 1) 

• into any polarization with equal power splitting between x 
and y (Fig. 14); Twisted fiber lengths arc 0.21, 0.38, 0.21 
times the beat length A. The abscissa scaling in Fig. 14 is 
this time not an eigenmode but refers to the output* po- 
larizaiion [exp(-j 7 ) cx P (j<y)]T /y/o for x -polarized.. input. 
Smaller angles a^a? allow to generate any linear or elliptical 
polarization with dominating :r -polarization (S[ > 0). Two half 
mode converters can be combined for full mode conversion. 
-In other words, two subsequent pairs of fiber twistcrs~can be 

. operated as one endless polarization transformer cqual to an 
SBA plus a PS that partly depends on the SBA parameters. 
The PMF length in between the two twister pairs determines of 
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Ftg. 14. Twist angles required to transform x-polarization at the input into a 
desired output polarization (half-mode conversion with arbitrary phase angle). 

course the opticaf bandwidth and the necessary phase relations 
between applied twist functions. 

The beat length of a commercially available, weakly 
polarization-maintaining fiber was determined to be A = 21.6 
mm @ 1550 nm, which corresponds to a DGD of 0.24 ps/m. A 
322-m long PMF piece was* pulled through the hollow axes of 
64 stepper motors. The fiber was fixed inside and outside the 
axes to define twist sections. For easier mounting the variable 
twist points had lengths A rather than zero. PMF lengths were 
2 m between the first three motor pairs so that a possible 
failure of one of them would not matter, and then 1 1 m. A 
total DGD of 77 ps could thus be commanded, with available 
degrees-of- freedom corresponding to —16 endless polarization 
transformers (full'SBA's) and DGD sections. Total loss was 
1.7 dB initially, mainly determined by one connector and two 
splices to standard fiber. Due to careless handling the PMF 
was broken later, and repaired by a bad splice which brought 
the total attenuation to 2.2 dB. 

In a separate setup we were able to show >90% mode 
conversion when 2x2 adjacent stepper motors were operated 
with sinusoidal twist functions of, different amplitudes and 
phases. In contrast, the truly required functions (Fig. 14 with 
the possibility of abscissa distortion) differ substantially from 
sinusoids-. The large mode con version.result-lets -expect endless 
'polarization control to be possible. 

- As a possible simplification it should be mentioned: dial 
exact twist lengths become unimportant if the number of 
-twisters is approximately" doubled, for the following reason: 
In each polarization transformer mode coupling should be 
possible both in phase and in quadrature. An arbitrarily placed 
fiber twist section will, with probabilities of one-half each, be 
closer to in-phasc or to quadrature mode coupling. Compared 
-to -the case of known coupling phases more twisters., will 
therefore be needed. 

The fiber-optic implementation of a distributcd^PMD equal- 
izer has the advantage of being tailorable to almost any DGD. 
However, the same principle could also be realized in A' -cut, 
V'-propagation LiNbO;,, where DGD sections and polarization 
transformers would be integrated on one birefringeni chip by 
simply cascading a number of mode converters [201. Available 
total DGD is limited to -0.26 ps/mm while chip- lengths are ' 
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Fig. 15. A 10- Gb/s transmission setup with three ferroelectric liquid crystals. 

typically <I00 mm. Compensation of DGD's larger than 26 
ps therefore requires some cascading or beam folding. 

IV. Transmission Experiments 
Transmission experiments have been conducted with each 
of the three mentioned PMD equalizers or polarization trans- 
formers. The bit rate is not believed to be critical for the PMD 
compensation process if DGD is scaled with bit duration. The 
experimental bit rate was in each case determined by available 
hardware. 

A. 10 Gb/s with Input Polarization Control 

A single polarization transformer (SB A) may be placed at 
the transmission span input in order to avoid first-order PMD 
by selecting a PSP [3]. Three ferroelectric liquid crystals were 
used for this purpose in a 10 Gb/s system. According to the 
discussion in Section III-B, the setup (Fig. 15) did not permit 
endless polarization control. 

Different lenghts of PMF with some manual polarization 
controllers simulated 40, S4 ; , 200, or _284 ps DGD of the 
transmission span. . 

In the electrical part of the receiver a four-channel PMD 
penalty detector was implemented, consisting of 1.25, 2.5, 
and 5 GHz bandpass filters (with bandwidlhs 0.9, 0.5* and 
0.6 GHz, respectively) and a 4-. . . 1 0-GIIz high-pass filter. 
Buffer amplifiers with subsequent power detectors provided 
DC output signals. The simulated behavior of these PMD 
penalty signals has already been shown in Fig. 10, but experi- 
mental data points are also plotted therein fo/comparison. The 
. .measured signal cxirema are less accentuated than predicted. 
We believe this is mainly due to rough filter transfer functions 
since no care was taken to get them smooth. 

The quality criterion was generated as explained in 
Section TT-C. It was also experimentally verified that the 
hichpass filler can replace the 5-GHz bandpass filter. 

The back-to-back eye diagram is shown in Fie. 16(a). 
With DHF cells and PMFs with a total DGD of 234 ps a 
very similar eye diagram [Fig. I6(b)l was obtained when the 
controller was switched on. A gradient (peak search) algorithm 
was used to optimize the eye diagram opening as estimated 
by the penalty signals. Other configurations arc shown for 84 
and 200 ps of DGD, and similar results were obtained for 40 
ps. The controller was either set up for signal maximization 
["best case,- Figs. 16(c), (c)l or minimization pworst case," 
Figs. 16(d). (0; for test purposcsl. In the 4i bcst cases" the 
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Fig. 16. 10 Gb/s eye diagrams, (a) back-io-backf (b) 2S4 ps. best casr ^ 
ps, best case, (d) S4 ps. worst case, (e) 200 ps, best case, and (f> 200 ^ 
ps. worst case. . - * 



measured BER was less than 10 9 . For example, with 2S4 ps 
of DGD the system was operated error-free for half an hour. 

B. 40 Gb/s with Wire e -Section Equalizer 

A PMD equalizer for, the receiver of a 40-Gb/s transmission 
system was setup, consisting of three PMF sections with 10 
ps DGD each, and three groups of fiberoptic A/4, A/2, A/4 
plates, endlessly rotatable by stepper motors [221 (Fig. 17). 

Further details of the transmission system have been de- 
scribed in [231. Two polarization-maintaining fiber (PMF) 
pieces of 20 and 10 ps DGD, respectively, and manual 
polarization transformers simulated, the PMD of a fiber link. 
PMD penalty extraction was performed at 20, 10, and 5 GHz. 
A PC worked as a controller and generated the stepper motor 
driving signals. 

Without any PMF a good eye diagram was achieved 
[Fig. 18(a)]. With PMD simulator and unadjusted PMD 
compensator in place the eye was closed (Fig. I8(b)l. 
However, with automatic control an open eye was readily 
obtained [Fig. 18(c)]. A gradient (peak search) algorithm 
maximized a linear combination of the three penalty signals. 

If any one of the three control signals was used* alone 
compensation failed repeatedly, and the eye diagram remained 
closed. This can be understood from the faciTiliai die total 
added DGD of PMD simulator and compensator was 60 ps. 
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Fig. 17. A 40-Gb/s transmission system with fiber-optic three-section PMD 
equalizer. 




(c) 

Fig. 18. (a) Ths 40 Gb/s eye diagrams: back-to-back; (b) with PMD simula- 
lor and unadjusted compensator; (c) with PMD simulator and working PMD 
compensator. 



more than 2T, On the other hand, the combination of 5- 
ancl 10-GHz BPF signals was sufficient to attain a relative 
optimum, but it was degraded with respect to the case of all 
.three. signals being available. 

The BFR was recorded as a function of time. After ini- 
tial convergence nearly error-free operation was observed 
fFig-. 19(a)].. The ability of the" system to' recover from" distur- 
bances was assessed separately. Manual changes of fiber loop 
settings -caused a -momentarily high BER" but were quickly 
compensated thereafter [Fig. 19(b)]: 

Input polarization control'was also tried. To- do so, the 
PMD simulator was removed, and the first polarization trans- 
formator of the compensator was used for control. The rest 
of the compensator, 3 x- 10 ps of DGD and two formerly 
automatic polarization transformers, worked now., as -a PMD 
simulator. The initial eye pattern, completely closed, is seen 
in Fig. 20(a). With input polarization control good BUR per- 
formance was again obtained. However, PMD was. not fully 
removed which can be seen from a somewhat distorted* eye 
diagram [Fig. 20(b)], as 'has" been discussed in Section II. 
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Fig. 19. (a) BER records of one out of four 10 Gb/s data streams a$ a 
function of time: initial PMD compensation convergence; (b) responses to 
four manual changes of fiber loop settings. 




(b) 



Fig. 20. (a) 40 Gb/s eye diagrams: with PMD simulator; (b) with PMD 
simulator and working input polarization control. 
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Fig. 21. 20 Gb/s transmission setup with distributed fiber-based PMD com- 
pensator. 



The experiment shows that PMD compensation is possible 
at the highest bitrate that is presently used for electrical 
TDM transmission systems. In contrast to electronic PMD 
compensation [7] the optical scheme allows to, compensate for 
larger DGD's, does not increase" the" noise bandwidth of the 
receiver, and does not impair the eye diagram like any. added 
electronic circuit would at these high frequencies. 

C. 20 Cb/s with Distributed Fiber Optic Equalizer 

Best performance whs expected from the distributed fiberop- 
tic equalizer. A 20-Gb/s transmission system [24] was used to 
test the compensator (Fig. 21). The daia signal was transmitted 
through a PMD emulator, 80 km of standard fiber (SMF) 
with a DGD of .2 ps. and 15 km of chromatic dispersion 
compensating fiber (DCF) with a DGD of 14 ps [25]; The 
emulator was the compensator of the 40-Gb/s experiment but 
section DGD's were 40-, 20-, and 10-ps. DGD this lime. 
PMD penalty detection occurred at 10, 5, and 2.5 GHz. For 
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SfbL 2 k io 2 Lc^ mT d K agra T' (3) PM ° disl ° nion; W compensator alone* 
(c) back-io-buck. (d) with emulator (40 + 20 + 10 ps). SMF (2 ps) DCF f I4 
ps), and compensator (77 ps). 1 p J ' ut ~^ < 14 




time [s] 250 



convenience the optical power was split to an extra photodiode 
, A gradient algonthm operated the 64 stepper motors The 
response t.me of the whole compensator was ~I s ' 

In all performed experiments the eye pattern was usually 
closed fcxample: Fig. 22(a)] unless the compensator was in 
operauon. In a first test, the other fibers were .eft out, and 
£c compensator was used alone [eye diagram: Fi e 2*b)] 

EScTTT SenSi,iWty W3S ~ 28 dBm Which is comparable o 
back-to-back operafon [Fig. 22(c)], Measured BHR was stable 
unless the compensator was turned off Fig. 23(a)] Then the 
PMD emulator with eight motored fiber coils rout ng at 

!" ' ^ MD vamil0ns up to 86 ps of total DGD were 

*1°bI* satcd ^ 22(d)1 - Whcn c « uali - - 

stopped the BER .ncreased drastically, but it dropped down 

pow r TTf' TJT** ° n agai " ^ 23 < h » WitS increased 
power (-2.5 dBm) operation was error-free 

c.mL CXPCC,C ? lhC ° yC diaSr3ms oblaincJ wi,h 1* distributed 
compensator looked nicer than those of the experiment w * 
UuMhree.seet.on equalizer, not only due ,o the higher bit r te 
■n he latter. The fact that total DGD's of 0 orup to 86 ps ou d 
he o.cratcd m.ly validates the principle of a compensator wl 
fixul DGD secons. Indeed, the compensator also worked 
well ,n other situations, e.g.. with 10 + 10 ps of DGD to 

fcXP 912064A_1_> 
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be compensated^ worked even when these additional pieces 
of PMF were added to the normal setup (106 ps of DGD to £ 

Note that the eye diagrams with working compensator were 
ornewhat peaked, especially if uk compensator had notS 

in F,g 18(c) where .t can also be seen. Peaked eye diaerarm 
occur in RZ systems and generall/improve sensitiv y W 
bel.eve the equalizer used its free capacity for eye opcnir^ 
--nuzatton by introducing some beneficial higher^ 

V. Discussion 

diffeJn?,^ 11011 ' WC COmPafe thC re,ative Of the 

sZz?r onem ** systems descr,bed in 

1) Sections III-B and IV-A: Ferroelectric liquid crystals 
need fiber-to-fiber coupling. The best place forLm is ThSe 

b^am h^H H l CXlra CXPenSe ' and iS in * e collima ed, 

o Tn FDFA ! ° f 3 tfanSmiUer ' aSer 0r at 

of an EDFA at the receive end. The 10-Gb/s experiment 

validates the genera, usefulness of these devices for seSg a 

PSP at the transputer but still lacks the theoretically explained 

endlessness of the control scheme. Temperature stability and" 

reliability research on these components is needed a/ well 

as a good packaging technology. It is therefore believed that 

SS5 ToZZ T l[ bC firSt 10 * * Sed in commercial 

rrviu compensators. 

2) Sections llf-A and IV-B: Soleil-Babinet compensate s 

control t : tab ' C •■^ VXZttS W WOrkh °^ S Of pofarLton 
PMn S 'T dCCadCS - Here * e la «cr have been used in a 
PMD equalizer with three sections and, with less success 

WhueThe40rS * P$P 31 * e 

whth Pvm cx P enment ^turcs the highest bit rate for 
which PMD compensation has been reported the mechanical 
waveplatcs m too slQW f0f praeljcal appljcat . on Uo 

cm Z-propagation LiNbQ 3 allows to integrate Soleil-Babinet 
^llT l ° rS ° r Wave P ,a,t - >s - R «Pon« times arc short, and a 
cw polar.zat.on transformers and DGD sections will provide 
sat.sfactory compensaUon in all cases where DGD ran^c 
requirements are not very demanding . 

JddZ UOn \ ni ' C " nd n '' C ' By faf lhc bcst Performance is 
obtained wuh multisection or distributed PMD equalizers 
including cases where a first-order PNfD compensator with 
variable DGD will be insufficient. In the 20-Gb/s experi- 
ment, a compensatcd-DGD-timcs-bitrate-product of I 7 has 
•been demonstrated with an equalizer having about 16 endless 
polarization transformers. Both these values arc. the hiuhest 
rcponed to date. Especially here, but also at 40 Gb/s widTonly 
mree DGD sections, beneficial eye diagram peaking has been 
observed. The fiber-based distributed compensator features , 
lowest loss and a speed sufficicn. for those cases where the 

P^ ,S J 10 V m ° VCCj - H0WCVCr ' m0fC CQ ™P™ and ™ch faster 
PMD cquahzc-rs can be expected from an alternative imnle- 

Fo/hT ^ dCViCC * n A '- CUl - >--P">W«loo LiNbS . 
For h,gh-end PMD compensation at 10 Gh/s. and for any PMD 
compensation at 40 Gb/s. this is the preferred solution 
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vi. Summary 
PMD, especially in "old" fibers, impairs system perfor- 
mance of high-capacity trunk lines. As we have shown a 
suitable optica] PMD equalizer should have several or many 
(inferential group delay (DGD) sections with polarization 
transformers in between, which can endlessly transform any 
input polarization into a principal state of the following DGD 
section. The sections must practically have fixed DGD^unless 
there is only one section. The small-signal' baseband transfer 
function for PMD has been introduced and evaluated and the 
necessary number of DGD sections has been discussed 

A PMD equalizer with PMF pieces and endlessly rotatable 
fiber coils has been realized. For increased speed an endless 
polarization transformer with ferroelectric liquid crystal cells 
has been proposed for PMD compensation, but the present 
experimental setup does not yet provide endless operation 
Optimum performance is obtained with a distributed PMD 
equalizer because it can compensate also higher order PMD 
A fiber-based equalizer with 64 stepper motors has been 
implemented. Its principle can also be realized in LiNbO, 
Finally, transmission experiments at 10, 20, and 40 Gb/s 
with these PMD equalizers and a purely electrical PMD 
detection scheme have proven the validity of the presented 
•concepts. Stable -operation with well-opened eye diagrams has 
been obtained. The distributed equalizer has allowed excellent 
compensation of up to 1.7 bit durations of total DGD A pure 
first-order PMD compensator would have been insufficient in 
this situation due to higher order PMD. 
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